Introduction
The genetic characterization of sampled populations is a critical step in the design and interpretation of complex disease-mapping studies. One aspect that has recently been emphasized is the impact of population stratification on association studies, since even low-level differentiation (e.g., between European populations with F ST close to 1%) can lead to false-positive results and failure to detect genuine association in large-scale studies (Freedman et al. 2004; Marchini et al. 2004) . Few studies have investigated the level of genetic differentiation within typical outbred Western populations, despite the initiation of national sample collections, such as U.K. Biobank, that will be used for large-scale genetic association studies. We therefore set out to explore the level of genetic differentiation within the Scottish population of 5 million people, which, in most respects, is representative of the wider U.K. population, in that it contains large urban and smaller rural subpopulations but includes a number of geographically isolated island communities in which greater differentiation might be expected. The proportion of large Western populations living in rural versus urban communities within Europe and North America varies from 21% (United States) to 33% (Canada), with both England/Wales (28%) and Scotland (32%) lying in the middle of the range. Rural populations are typically more stable and homogeneous than the dense urban populations that constitute the population majority. This raises the question whether there are genetically detectable rural-urban differences that might influence association-study design.
The origin of the earliest Scottish inhabitants is unknown, but those of 1,500-2,500 years ago may have been of P-Celtic origin, similar to that of inhabitants of parts of Wales and Brittany. After that, there was a succession of both peaceful and hostile incomers, including Romans, Irish Q-Celts, Vikings, Anglo-Saxons, Normans, and Flemish, all of whom mixed with local populations to varying degrees in each region. Clear regional patterns reflecting some of these historical events have been preserved in the present day distribution of Y-chromosome haplogroup lineages (Capelli et al. 2003) , and the Viking legacy has been especially well studied (Helgason et al. 2000; Wilson et al. 2001; Capelli et al. 2003) . However, Y chromosomes capture only a small fraction of the overall ancestry, and it is not clear whether these patterns are typical of the rest of the genome. Mainland Scotland also displays discontinuity with regard to ABO blood-group distributions, with uniformity in southern and eastern Scotland, whereas northern and western Scotland show much higher O and lower A group frequencies (Brown 1965; Mourant a "Local Respondents" was defined in the present study as those whose four grandparents were born or had lived in the region sampled. NOTE.-The F IS statistic, a measure of departure from random mating within a population, is used to classify the table. Sixteen unlinked autosomal microsatellite loci and 15 X-linked microsatellite loci with an interlocus distance of at least 5 cM were tested. The multilocus estimates of Wright's fixation indexes, F IS , were computed following the guidelines of Weir and Cockerham (1984) , by use of the Genetix software, with the whole data set for autosomal markers and the female-only data set for the X-linked markers. Significant departure from the null hypothesis of equilibrium was tested after 3,200 permutations. After performing 100 bootstrap samples, 95% CIs for the F IS -statistic values were estimated. NP p not performed. al. 1976 ). In the northeast, a locally high group-B frequency has been associated with fishing communities and is thought to reflect a Norse component (Brown 1965; Mourant et al. 1976 ).
Subjects and Methods
Our study was designed to maximize the detection of genetic discontinuities within Scotland. Hence, the population-sampling scheme was based on local ancestry to reflect an older and more extreme level of differentiation prior to the recent breakdown of traditional subpopulations. Participants were selected at random from local primary care centers (general practice [GP] ) and were recruited by questionnaire as being "of local ancestry." The requirement was that all four grandparents had been born in or had lived in the region sampled. Data was discarded from the study for individuals whose known relatives were already included. Close degrees of relatedness were sought in participant questionnaires and were further checked at the GP after recruitment. All participants gave informed consent for providing mouthwashextracted DNA, and the study received ethical approval from regional research ethics committees. Two GPs within an area were approached, when necessary, to recruit ∼100 suitable participants per region. Ten Scottish regions were sampled: three island regions, Lewis/Harris 
Results

Population Differentiation
The proportion of "locals" among contacted residents varied widely across regions (table 1) and reflected expectations based on social and demographic knowledge. The lowest proportion of locals (15%) was found in places of greater migratory flow-the urban center Edinburgh and the Borders region neighboring Englandand the highest (60%) was found in the islands of Shetland and Lewis, which have undergone constant population decline since the end of the 19th century, with very little immigration (apart from a recent oil industryrelated influx into Shetland, which did not contribute to the gene pool investigated). 
Figure 2
Representation, in two-dimensional space, of genetic distances between subpopulations, on the basis of allele frequencies at 16 autosomal (A) and at 15 X-linked (B) STR markers. Nei's unbiased genetic distances (Nei 1978) were computed using the Genetix software and were represented in two-dimensional space by use of multidimensional scaling analysis (Kruskal and Wish 1977) with the SPSS software package. The average proportion of variance of the disparities in the initial distance matrix in the two-dimensional plots are 94% (A) and 92% (B).
We set out to study if these differences in population stability translated into detectable genetic differentiation. We used STR markers, which have relatively high mutation rates, so that patterns of variation reflect more recent divergence. The whole Scottish sample of 955 individuals was typed for 16 unlinked autosomal STR markers (D20S119, D21S266, D20S107, D19S902, D20S186, D22S420, D22S280, D19S216, D22S423, D19S884, D21S1252, D22S539, D22S274, D6S393, D4S1530, and D3S1537) and for 34 X-linked STR markers (DXS1060, DXS8051, DXS1226, DXS1214, sWXD2451, DXS1068, DXS8014, DXS8113, DXS1058, DXS8015, DXS8042, DXS1368, DXS993, DXS8012, DXS1201, DXS8085, DXS7, MAOB, DXS991, DXS983, DXS1165, DXS8092, DXS8037, DXS56, DXS1225, DXS8082, DXS995, DXS990, DXS1106, DXS8055, DXS1001, DXS1047, DXS1227, and DXS8043) . (Raw data can be found at the authors' Web site.) Only a subset of 15 "unlinked" X-linked markers was used to study differentiation, corresponding to the markers that are at least 5 cM apart. The overall sample displayed a highly significant excess of homozygous genotypes compared with expectation under random mating, whereas most regions taken singly did not (table 2) , which suggests the presence of genetic structure within Scotland. Wright's fixation index F IT , which measures the global heterozygote deficit, was 0.045 (95% CI 0.035-0.057) for autosomal markers and 0.059 (95% CI: 0.042-0.078) for X-linked data (519 females). Only the regions of Angus and especially Grampian showed a large excess of homozygous genotypes that was consistent in both marker sets, which suggests residual substructure in these two regions (table  2) .
Population differentiation was highly significant when we tested for equal allelic distributions across the overall Scottish sample with an exact test (Raymond and Rousset 1995) , both for autosomal and X-linked marker sets. Brown (1965) , in her survey of blood-group distributions in the north of Scotland, noted local heterogeneity between inland and coastal distributions, which may be explained by their contrasting histories of emigration from inland areas, after the introduction of largescale sheep farming (the Highland Clearances), compared with more static fishing communities on the coast.
Linkage Disequilibrium
To further the analysis, we next examined the extent of linkage disequilibrium (LD) between pairs of markers that were based on the analysis of 34 X-linked markers, which included 8 markers on Xq13-21 and 15 on Xp21-11 regions, thus covering, at higher density, both a region of low average recombination rate (on Xq13-21; 0.25
Figure 3
Comparison of LD decay across populations by model fitting. The figure legend is available in its entirety in the online edition of the American Journal of Human Genetics.
cM/Mb) and a region of high recombination rate (on Xp21-11; 1.8 cM/Mb). Xq13-21 has been used extensively to explore population-specific differences in LD (Laan and Pää bo 1997; Zavattari et al. 2000; Angius et al. 2002; Katoh et al. 2002; Latini et al. 2004) . Clear signals of increased pairwise LD by use of markers in this region have been consistently found in populations in which the demographic histories were favorable to building LD (Zavattari et al. 2000; Angius et al. 2002; Kaessmann et al. 2002; Katoh et al. 2002; Latini et al. 2004) .
To perform interpopulation comparisons with a standardized metric, we introduced an empirical measure of LD between pairs of multiallelic markers, denoted as "W," based on a normalized transformation of the standard x 2 statistic. Compared with the frequently used LD measure D (Hedrick 1987) , of which the distributional properties are unknown, we found, in independent data sets, that W was less sensitive to factors such as sample size and allele numbers and that it provided a better fit than did D to the decline of LD with interlocus distance (authors' unpublished data). We developed this measure rather than using the association metric that others introduced for a similar purpose (Collins et al. 2001) , since this latter measure (swept radius) is better suited for diallelic markers and requires collapsing of nonassociated alleles to reduce the loci, in a biased way, to diallelic systems. All the genotypic data were used (i.e., haplotypes in males and diplotypes in females). For haplotype data, a statistical x 2 can be derived from a conk # l tingency table, where the entry in the ith row and jth column corresponds to the number of A i B j haplotypes. x 2 is then defined as the standard contingency table statistic for tests of the null hypothesis of no association between loci A and B, which is distributed under the null hypothesis as x 2 with df. With geno-(k Ϫ 1)(l Ϫ 1) type data, the haplotype frequencies must be estimated, and we obtained the relevant statistic in the present study by taking the difference between the log likelihood 2 # for a fully saturated model (i.e., the assumption of random mating but not linkage equilibrium, with k # l Ϫ df) and for a model that has the assumption of random 1 mating and linkage equilibrium (with df). With k ϩ l Ϫ 2 random mating and under the null hypothesis of linkage equilibrium, the difference is distributed as x 2 , with df. The x 2 measures were determined, re-(k Ϫ 1)(l Ϫ 1) spectively, using the programs ldmax and haploxt from the GOLD suite (Abecasis and Cookson 2000) with a pooling threshold set at 7%, and their values were summed in a combined x 2 . To reduce the dependence of x 2 on the degrees of freedom, it was transformed to an approximate standard normal deviate, W, by
where n denotes degrees of freedom (Wilson and Hilferty 1931) and where (i.e., from haplotypic and n p n ϩ n 1 2 diplotypic data). We supposed that the LD measure, W, is related to the genetic-distance measure, x, by the linear form, , where a and b are parame-W p a ϩ bf(x; g) ϩ ters to be estimated, is a random variable normally distributed with mean 0 and unknown variance j 2 , x is the genetic-map distance (in cM), and the link function f is characterized by a single parameter g, such that , , and .
Hence, g can be interpreted as the distance (in cM) at which the expected LD is equal to half the difference between its maximum ( , at ) and minimum
) expected values (g is referred to as the x p ϱ LD-half distance [distance at which LD decays to half the difference between its maximum and minimum value]). This parameter g provides a measure of the strength of LD. The link function 1 f p x 1 ϩ g was fitted. Maximum-likelihood estimates were obtained for a, b, and g, and the goodness of fit was assessed using the deviance ( the log-likelihood ratio), with Ϫ2 # 2 df (see fig. 3 for illustration of the linear model fitting). Most of the weight is given by the short intermarker distances (!1.5 cM), to which marker pairs on Xq13-11 and Xp21-11 contribute equally but disproportionately compared with the other X-linked markers. The marker pair DXS1225-DXS8082 was removed as being atypical (i.e., in strong LD in all populations examined worldwide). The Scottish subpopulations displayed a 270-fold range of LD-half distances (however, with large associated CIs), from low values in the general U.K. population (0.003 cM) and urban Edinburgh (0.01cM) to increased values in mainland rural subpopulationsGalloway (0.026 cM), Argyll (0.059 cM), Angus (0.14 cM), Borders (0.18 cM), and Grampian (0.21 cM)-and highest levels in the island populations of Shetland (0.22 cM), Orkney (0.29 cM), Wester Ross/Skye (0.29 cM), and Lewis (0.8 cM) (fig. 4) . The lower and upper support intervals (which correspond to a 90% CI) for Lewis are
Figure 4
LD decay in 10 Scottish subpopulations and unrelated U.K. subjects, on the basis of 34 X-linked STR markers. Maximumlikelihood estimates of LD-half distance are indicated by a blackened circle. Subpopulations are ordered by increasing values of these estimates. Upper and lower support limits were defined by values of the likelihood equal to 26% of the maximum (equivalent to a 90% CI for estimates with a normally distributed error). The Angus sample size was low ( ) and had missing data, so that the upper bound n p 78 for its half-distance decay is high (2.5 cM). 0.5-1.7 cM, compared with 0-0.07 cM for the general U.K. and urban Edinburgh populations, which represents a difference of at least 8-fold. A similar continuum in the extent of LD among the populations studied was obtained when analyzing the subset of male haplotypes (i.e., with no inference bias) on Xq13-21, by use of a different measure of disequilibrium (an exact test) for comparison with published data sets (tables 4 and 5).
To evaluate the effect of sampling between rather than within subpopulations on the extent of LD, 15 randomized samples of size 100 were created by bootstrap sampling across mainland rural areas, in accordance with their census size. The average LD-half distance obtained was 0.089 cM (90% CI 0.061-0.129), which indicates reduced LD compared with four of the rural subpopulations taken singly (0.14, 0.18, 0.21, and 0.29 cM). Similarly, sampling within all of mainland Scotland, including the urban center of Edinburgh, a scheme similar to the U.K. Biobank design, led to an even smaller LDhalf distance of 0.062cM (90% CI 0.044-0.088).
These conclusions are based on the analysis of STR markers that span only two regions of the X chromosome-for which LD extent has been shown to be generally greater than for autosomes (Taillon-Miller et al. 2004 )-as expected, since their effective population size is three-quarters that of the autosomes. The LD-half distance is thus likely to be scaled down for autosomal STRs, and more so for SNPs, which have lower mutation rates, so that the detection of differences between populations with SNPs would require considerably more markers to be typed. The X-linked STR markers therefore provide sensitive measures of differentiation with efficient detection and quantification of population differences arising from demographic and other factors. Demographic factors act globally across the genome, whereas local factors such as recombination rates and selection may be region specific. There is no evidence, to date, that these two investigated chromosomal regions have been subject to significant selection. In two previous studies, these X-chromosome regions displayed extended LD in isolated populations compared with nonisolate populations, which was also observed in autosomal regions (Zavattari et al. 2000; Kaessmann et al. 2002) . Critically, the power to detect association declines exponentially rather than linearly as the extent of LD falls toward zero (Blangero 2004) , which suggests that even a small increase in the extent of LD could increase power and reduce cost by more than an order of magnitude.
Genetic Complexity
The extent of LD between marker loci reflects the amount of historical recombination and past effective population size (N e ), so that, for a given genomic region, LD can differ dramatically between populations with different demographic histories (Pritchard and Przeworski 2001) . We aimed to explore the level of LD between X-chromosomal STRs in relation to the predicted effective population size, N e . N e reflects the number of ancestors who have contributed to the gene pool. The more N e is reduced, the greater the effect of genetic drift and the greater the genealogical relationship within a sample, which, in turn, can result in increased LD. Therefore, for Xp21-11 and Xq13-21, female haplotypes were inferred using the Bayesian statistical method implemented in PHASE (v2.0.2) on the basis of the coalescent model (Stephens et al. 2001) . The algorithm that integrates recombination in the simulations (Li and Stephens 2003) was run independently five times, and the run with the best average goodness of fit to the approximate coalescent model was kept. Point estimates of the population average recombination parameter were obtained by 3N r e taking the median value among 1,000 sampled from the corresponding posterior distribution, as implemented in PHASE (v2.0.2). The values shown in table 6 display a ranking similar to that obtained for the extent of LD, which is especially clear for the more recombinogenic chromosomal region (i.e., Xp21-11) data, from high values in the urban and U.K. samples to intermediate values in the Scottish mainland regions to low values in the after haplotype inference from female genotypes by use of the coalescent model implemented in PHASE v2.0.2. The algorithm was run independently five times, and the run with the best average goodness of fit to the approximate coalescent model was kept. Within each run, the number of iterations of the final step (i.e., all loci considered) was increased by a factor of 10, compared with the default setting, to obtain better estimates. The median of 1,000 values sampled from the posterior distribution was taken as point estimate for each populationadjusted recombination rate. The units of r are per meiosis and per base pair.
a Within Xp21-11, 13 Xp11 markers (DXS1068, DXS8014, DXS8113, DXS1058, DXS8015, DXS8042, DXS1368, DXS993, DXS8012, DXS1201, DXS8085, DXS7, and MAOB) , spanning 4.7 Mb (7 cM), were used.
b Within Xq13-21, all eight markers (DXS983, DXS1165, DXS8092, DXS8037, DXS56, DXS1225, DXS8082, and DXS995) were used, spanning 13 Mb (3.36 cM). Estimates of the subpopulation effective size were calculated from the average map-based estimate of recombination rates.
islands. The differences between subpopulations, within each chromosomal region, can be attributed to differences in effective population size (N e ). Although the posterior distributions of the recombination parameters overlap, there is a clear trend toward a reduction in N e in Orkney, Lewis, Shetland, and Wester Ross/Skye compared with U.K. or Edinburgh (in the range of 2-5-fold), which implies a less complex gene pool (table 6 ). This was noticeable by the reduction in computation time when running the PHASE-implemented algorithm for the island subpopulations. Within each subpopulation, the estimates obtained in the two investigated chromosomal regions were significantly correlated (Spearman's rank correlation 63%;
), and the difference be-P p .02 tween Xq13-21 and Xp21-11 average recombination estimates are in agreement with pedigree-based estimates (6-fold [Kong et al. 2002] ), suggesting that the coalescence-based algorithm performed well.
The observed increase in LD seen in rural subpopulations is also mirrored by the haplotype-diversity data. Table 7 shows haplotypes for six STRs on Xq13-21 that span 0.85 cM, together with a subset of three STR haplotypes. For six-locus haplotypes, the highest haplotype diversity was found in Edinburgh (98% of haplotypes were different) and the U.K. (96%), and the lowest diversity was found in Orkney (76%), Shetland (76%), and Lewis (64%). Gene diversity, a measure based on allele frequency, was estimated for Xq13-21 markers and was very similar across regions, although it tended to be lower for the Lewis subpopulation (table 7) .
Discussion
The Scottish island populations represent both unusually stable and older populations whose declining numbersdue to past bottlenecks, large-scale emigration, and little immigration-may have contributed to the creation of LD as a result of genetic drift and endogamous mating. Clear evidence of a reduced female gene pool had been reported in the Western Isles and Orkney, on the basis of the low mtDNA diversity in the region (Helgason et al. 2001) . These populations may be suitable for the drift-mapping strategy (Terwilliger et al. 1998) , as proposed for mapping genetic factors that influence complex disease. In our study, the island of Lewis appeared to be the most extreme with regard to the extent of LD, in agreement with a previous report showing high differentiation, compared with Ireland and mainland Scotland, on the basis of serum protein polymorphisms (Clegg et al. 1985) .
Interestingly, despite little differentiation based on allele-frequency distributions, evidence for population structure was also detectable in mainland rural subpopulations (e.g., Galloway, Grampian, and Argyll), which showed levels of LD intermediate between the urban/ general U.K. and island samples. This intermediate extent of LD is likely to reflect increased sharing of ancestral chromosomal segments. Because of their larger size compared with that of the islands ( fig. 1) , these subpopulations (91,000-314,000) represent a valuable resource for conducting large-scale genetic-association studies, especially when a high percentage of the population is "local"-such as in Grampian (42% local), which is comparable in population size to Iceland. Variable levels of LD among populations that are not differentiated by allele-frequency distributions have been observed in at least one other study. Although differentiation, as estimated by pairwise F ST , was not significant Table 7 Gene and Haplotype Diversity of a Subset of Six Xq13-21 Markers NOTE.-Allele frequencies for each microsatellite locus were estimated using Genepop software. Nei's average heterozygosity, or gene diversity, was calculated as 1 Ϫ the sum of the squared allele frequencies.
a Subpopulations are shown in increasing order, by values of the six-loci haplotype diversity. b Gene diversity is based on whole data set. c N p number of complete (i.e., without missing data) Xq13-21 six-or three-locus haplotypes from the male data set and inferred from the female data set. (For the inferred haplotype at each locus, the genotypes with phase certainty under 80% were discarded.) d k p number of distinct haplotypes.
between the Saami and the Finnish populations when SNP data from ACE, b-globin, LPL, and MX were combined, these populations showed very different levels of LD (Kaessmann et al. 2002) . The extent of LD appears to be more sensitive to factors such as reduction in effective population size and/or levels of endogamy than to measures of differentiation based on allele-frequency distributions (e.g., F ST ). Finally, it is clear that the advantages of sampling within rural subpopulations, such as for reduced haplotype diversity and increased extent of LD for association mapping, are diminished by sampling across multiple regions or from within large urban populations. An increasing number of national genetic databases are being set up to exploit the biomedical opportunities offered by dense, high-throughput SNP genotyping in the context of association studies. The U.K. Biobank study is the largest of such studies to date, which proposes recruitment of 500,000 individuals from across the United Kingdom, including 80,000 from Scotland. Recruitment strategies for such large-scale studies tend to be representative of the population as a whole and therefore underrepresent rural populations. The higher haplotype diversity and low levels of LD within urban samples may make whole-genome scans prohibitively expensive and either increase the cost or reduce the power of more-focused genotyping studies. The major value of such national collections may therefore be not in the discovery of new genetic associations but in the further characterization of known ones. There is a strong case for additional biobanks of individuals recruited from large, stable rural subpopulations, which have the potential for providing increased power and efficiency to detect new genetic variants influencing biomedical traits.
